Introduction
Although the PCI-fold motif was originally detected from homology between the sequences of the 26S proteasome lid, the COP9 signalosome (CSN), and the eukaryotic translation initiator eIF3 (ref. 1) , more comprehensive analysis has indicated that this motif is found in a range of functional cellular complexes. 2 For example, PCI-folds have been detected by sequence analysis of Sac3 and Thp1 (ref. 2) , components of the TREX-2 complex that functions to anchor a range of activelytranscribing genes to nuclear pore complexes (NPCs) in yeast, and also integrate mRNA export with earlier nuclear steps in the gene expression pathway. [3] [4] [5] Structural information is now emerging that describes how PCI-domain proteins interact with one another and with nucleic acids, and how these interactions impact on key cellular functions. 6, 7 
PCI-Domain Architecture
The six structures of PCI-proteins currently available [eIF3k (1RZ4), CSN7 (3CHM), Rpn6 (3TXN), and the Sac3-Thp1-Sem1 (3T5V) and PCID2-DSS1 complexes (3T5X)] all display a bipartite fold (Fig. 1A) consisting of a structurally conserved C-terminal winged-helix domain (WH), and a more divergent N-terminal (HD) domain that is based on a stack of a-helices, albeit the number and arrangement of the a-helices varies considerably. [6] [7] [8] [9] [10] The WH domain has a helix-turn-helix fold with an a-β-a-a-β-β topology, in which the β-strands form a short anti-parallel β-sheet on the protein surface. The loops formed between the second and third β-strands and between the third β-strand and the C-terminus of the molecule form the two "wings" of the WH domain. 11 In each structure, the first wing between the second and third β-strands is comparatively short (3-4 residues), whereas the longer second wing is arranged along the molecule and leads to a C-terminus that often forms short ahelices that interact on the surface of the HD domain. The structure of the WH domain is strongly conserved between these PCI-proteins, thus when considered in parallel with the relatively high sequence conservation observed across most members of this family, it is likely that this structural homology will be tightly preserved between all PCI-proteins. 9 The N-terminal HD domain of PCI-proteins is more divergent, both at the structural and sequence level. 9 Although these domains have a common structural theme, based on a righthanded superhelical arrangement of a-helices that share characteristics of both tetratricopeptide (TPR) and HEAT repeats, there is considerable variation between them. Thus, for example, eIF3k (the first PCI-protein to be characterized structurally) contains 11 a-helices that form 3 HEAT analogous motifs in a right handed-superhelical arrangement, 8 whereas CSN7 contains a similar but smaller arrangement of only 6 a-helices forming a pair of HEAT repeats, one of which resembles an ARM-like repeat made up of 3 helices. 10 Although the way in which the a-helices are arranged at the base of the WH domains in the recently characterized Rpn6 and Thp1 structures have analogies to both eIF3k and CSN7 (refs. 6 and 7), these proteins contain much larger N-terminal extensions that are arranged in a right-handed superhelical configuration that projects away from the WH domain, and gives the molecules a twisted extended rod-like shape. Both Rpn6 and Thp1 contain TPR-like repeats within this superhelical arrangement, confirming previous prediction of their presence within the N-terminal region of multiple PCI-proteins. Rpn6 contains five pairs of TPR-like repeats that form into a twisted a-solenoid arrangement, whereas Thp1 forms a straighter arrangement that is capped by a helical bundle at the N-terminus formed by four a-helices. 6, 7 In each structure, the N-terminal HD domains act as a buttress for the WH domains, with the elongated first helix of the WH domain providing a link between the two. Although within the Sac3-Thp1-Sem1 structure Sac3 was truncated to enable crystallization, sequence-based structure prediction suggests that its N-terminal HD probably extends further than the nine a-helices present within the domain, and most likely resembles the extended twisted rod-like character of Rpn6 and Thp1 (ref. 7) . Furthermore, based on both sequence and structural conservation it is expected that full-length PCID2 (the human homolog of Thp1), which was also truncated at its N-terminus to enable crystallization, would form an elongated N-terminal extension resembling that of Thp1. and a C-terminal winged-helix domain (green). The C-terminal winged-helix domain often leads to a C-terminal tail (orange) that interacts with the surface of the helical domain. (B) The Sac3-Thp1-Sem1 structure. The two PCI-proteins Thp1 (gray) and Sac3 (blue) share an extensive interaction interface marked by the insertion of the Thp1 WH "recognition helix" (red) into a cleft formed by the Sac3 WH and HD. The small Sem1 protein (yellow) wraps around the surface of Thp1 and makes little contact with Sac3. Blue spheres indicate the position of side-chains of conserved positive residues that when mutated to a negative charge, resulted in a loss of nucleic acid binding and mRNA export defects in yeast. (C) The role of Sem1 in modulating PCI complexes. Sem1 acts to stabilize the mini-PCI complex formed between Sac3-Thp1-Sem1 by binding to two sites on the Thp1 surface (Sites A and B). In doing so it may be acting as a capping protein shielding the surface of Thp1 from interacting with other PCI-proteins. Within the larger PCI-complex of the 26S proteasome lid Sem1 may act as a modulator of complex assembly, or subunit composition, by binding to and capping specific PCI-protein subunits. Within the schematic representations, the recognition helix (RH) of each WH domains is shown as a protruding tab.
Taken together, these structures highlight the modular nature of the N-terminus of PCI-proteins; the structures vary in both length and arrangement of helical repeats from small helical bundles of HEAT-like repeats to an a-solenoid array containing TPR-like helical repeats. These variations at the N-terminus may give PCI-complexes adaptability in coordinating multiple proteinprotein interactions, as is the case with the association of Sem1 with the TPR-like repeats of Thp1 in the Sac3-Thp1-Sem1 ternary complex. 7 In contrast, the C-terminal WH domain and the helical bundle that supports the WH are structurally much more similar across the six structures. This structural conservation is consistent with recent structural and mutational studies that demonstrate that the WH domain is a major site of interactions between PCI-proteins, as well as a region crucial in directing functionally important interactions with nucleic acids. 6, 7, 12 Interactions Between PCI Domains in the Sac3-Thp1-Sem1 Complex
The crystal structure of the Sac3-Thp1-Sem1 PCI-complex, which forms part of the larger TRanscription and EXport complex 2 (TREX-2) that couples mRNA transcription and processing with mRNA nuclear export, 7 provides a molecular understanding of the basis of the interactions between PCI-proteins that suggests how PCI components interact within larger PCI-complexes such as the 26S proteasome "lid," the eIF3 complex, and the CSN complex. The TREX-2 complex is integral to gene-gating in which it associates with both the nuclear face of nuclear pore complexes (NPCs) and with the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex. [13] [14] [15] [16] This dual association is thought to enable TREX-2 to act as a NPC anchor point for the transcription machinery, allowing transcription to occur in close proximity to NPCs, thereby increasing the efficiency of mRNA export. Furthermore, the TREX-2 complex associates transiently with the major mRNA nuclear export factor, the Mex67-Mtr2 complex, and this interaction appears critical for efficient nuclear transport. 14, 18 Deletion of the N-terminal region of Sac3 critical for both Mex67-Mtr2 and Thp1 interactions leads to mRNA export defects in yeast. 18 The large scaffolding protein Sac3 forms the core of the TREX-2 complex, to which the smaller proteins of Sus1, Cdc31, Sem1 and Thp1 bind. 14, [17] [18] [19] Two Sus1 chains and one Cdc31 chain wrap around the extended a-helical CID domain of Sac3 (residues 723-805) and coordinate tethering of the complex to the nuclear face of the NPC. 18, 19 The N-terminal region of the Sac3 protein contains a PCI domain (~residues 140-563) that binds to the PCI-protein Thp1 and the small highly negatively charged Sem1 protein (Fig. 1B) . 7 The predominant interaction interface within the Sac3-Thp1-Sem1 complex is formed between the WH domains and the supporting helical bundle of the HD domain that interacts with the elongated first a-helix of the WH domain. This interface is formed by the insertion of the recognition helix of the Thp1 WH domain into a cleft formed by the Sac3 WH domain and the C-terminal helical bundle of the HD domain. 7 Interestingly, it is the recognition helix of the WH domains that is presented to the major groove of DNA in many WH-DNA interactions. 11 This helical insertion results in the juxtaposition of the two WH domains in the Sac3-Thp1 heterodimer to form a six stranded β-sheet at the surface of the complex. 7 Both the structure and sequence of WH domains and the C-terminus of the HD domain are highly conserved between different members of the PCI-protein family, indicating that these regions probably contribute to the majority of the interface between interacting PCI-proteins. 9 Mutations within Thp1 and Sac3 that impair their interaction result in significant mRNA export defects, illustrating the functional importance of this PCI-protein complex within the mRNA export pathway. 7 The structure of the PCID2-DSS1 complex, the human homologs of Thp1 and Sem1 respectively, is in a very similar conformation to the Thp1 and Sem1 chains suggesting that in addition to a structural conservation of this complex from yeast to humans, the Thp1 protein structure changes little upon Sac3 binding. Nucleic Acid Binding by PCI-Proteins WH motifs are well-documented mediators of DNA and RNA binding, with multiple identified modes of nucleic acid interaction, and so it has been hypothesized that PCI-proteins or PCIcomplexes could modulate functionally important interactions with nucleic acids. 2, 8, 10 Support for this hypothesis is provided by the observation that the Sac3-Thp1-Sem1 complex binds to a range of nucleic acids in vitro, including RNA and both single and double stranded DNA. 7 Efficient recognition of nucleic acids required PCI-protein complex formation and neither the Sac3 protein nor the Thp1-Sem1 complex alone efficiently associated with nucleic acids. In the Sac3-Thp1-Sem1 structure, juxtaposition of the Sac3 and Thp1 WH domains generates a positively charged stripe on the surface of the complex, and mutations of conserved residues within this motif (Fig. 1B) impaired nucleic acid binding. Importantly, these mutations also displayed mRNA export defects in yeast as well as synthetic lethality with the mRNA adaptor Yra1 and the mRNA transport factor Mex67 (ref. 7) . These data, combined with previous studies, suggest that the TREX-2 complex functions as a NPC-tethered docking station that assists in the loading of the transport factors Mex67 and Mtr2 onto mRNA at the nuclear face of the NPC. 7 Although further work will be needed to build upon this model and gain a structural understanding of the precise mechanism by which TREX-2 functions, these results represent a clear identification of a functional role for nucleic acid binding by PCI-proteins.
Evidence of the importance of nucleic acid PCI-complex interactions has also come from the yeast eIF3 translation initiation complex that contains two proteins with PCI folds. Truncation and alanine scanning mutations of the eIF3 subunit c/NIP1, demonstrated that mutants that encroached on the structure of the WH domain resulted in a loss of eIF3 binding to the 40S ribosomal subunit, with a corresponding decrease in translation initiation. 20 Interestingly, the c/NIP1 PCI domain binds RNA non-specifically in vitro, and this interaction was impaired following mutations within the WH domain. 20 Furthermore, in silico docking studies based on the RFX-1-DNA and the SelB-RNA WH complexes indicate that the CSN7 complex would be compatible with DNA and RNA binding. 10 Indeed, the CSN complex has been previously implicated in transcriptional regulation and can associate with chromatin. 21 Similarly, recent evidence suggests that two additional PCI-proteins CSN12 and Thp3, that also form a complex with Sem1, associate with chromatin and have important roles in the regulation of transcription. 17, 22 This function of CSN12 and Thp3 appears to be independent from the "core complex" of the CSN. 22 Numerous studies have also connected the 26S proteasome with roles in transcription and DNA repair, and the Rpn6 subunit structure appears compatible with DNA binding based on superposition with the transcription factor E2F-DP. 6, 23, 24 Currently there is scant structural understanding of the molecular basis of the interaction between PCI-proteins and nucleic acids. Classically, the canonical recognition of nucleic acids by WH domains is mediated through interactions involving the third helix of the domain, termed the "recognition helix," and the major groove of DNA. 11 In the crystal structure of the transcription factor hepatocyte nuclear factor-3 (HNF-3c) bound to DNA, the interaction causes a bending of the DNA by 13 degrees resulting in a narrowing of the major groove of the DNA. 11 However, within the Sac3-Thp1-Sem1 complex, the Thp1 recognition helix is largely buried and makes important conserved interactions within the PCIdimer interface and so it is unlikely that the recognition helix of Thp1 plays a major role in DNA or RNA binding. Although the Sac3 recognition helix is exposed to the solvent on the surface of the TREX-2 complex, the reliance of PCI-proteins upon dimerization and the position of positively charged conserved residues within the "wings" of the winged helix, suggest that the canonical mechanism of recognition helix-nucleic acid interaction may not apply in this case. Indeed, WH domains show remarkable adaptability in their modes of nucleic acid interaction. This is highlighted by the Werner Helicase WH domain that mediates DNA interactions through the loop formed between helices a2 and a3 with little involvement of the recognition helix. 25, 26 Furthermore, the WH domain of the elongation factor SelB interacts with the backbone of a RNA hairpin and external flipped RNA bases, yet fails to interact with either the major or minor grooves of the RNA hairpin. 27 Determining the crystal structure of the Sac3-Thp1-Sem1 complex bound to nucleic acids would be invaluable in defining the molecular details of this interaction and provide much needed mechanistic data pertaining to the role of Sac3-Thp1-Sem1 in the mRNA export pathway. Future work is also needed to ascertain how widespread the interaction of PCI-proteins and PCI-complexes with nucleic acids is. Nevertheless, this recent Sac3-Thp1-Sem1 structure in conjunction with the mutagenesis studies extend the functional repertoire of PCI-proteins to encompass important protein-nucleic acid interactions in addition to their scaffolding role mediated by protein-protein interactions in large complexes.
Formation of Large PCI Domain Complexes
PCI-proteins have long been thought to have architectural roles within the 26S proteasome lid, the CSN complex and eIF3 (ref. 1). However, despite extensive work detailing subunit composition, interaction profiles, and assembly pathways, little is known about the molecular basis of interactions between PCI-proteins. Canonically, the three large PCI-complexes contain six subunits that have identifiable PCI-sequence motifs and two subunits that contain MPN domains. 2 The structure of the Sac3-Thp1-Sem1 complex provides the first high-resolution view of the molecular nature of the interactions formed between PCI-proteins and immediately suggests a mechanism of PCI-protein assembly within the larger PCI-complexes.
The Sac3-Thp1-Sem1 structure indicates that PCI-domain containing proteins may generally align in a parallel fashion by the intercalation of the WH recognition helix with the WH and HD cleft of a neighboring PCI-protein. The interaction interface observed between Sac3 and Thp1 would be repeated for the remaining four PCI-proteins in the proteasome lid generating an alignment of the WH domains at the interaction interface. In turn, the N-terminal a-solenoid HDs would point away from this interaction interface and would thus be free to instigate further protein-protein interactions analogous to those observed between other TPR-repeat containing proteins. Indeed, the Sac3-Thp1 interaction interface is compatible with recent progress on the electron microscopy structure of the 26S proteasome. 24, 28 The lowresolution structure of the "lid" sub-complex consists of multiple proteins including six that contain PCI-domains. Within the reported structures, the PCI-domain containing proteins could be consistently mapped to the side of the 26S proteasome and make contact to both the AAA-ATPase and CP regions. 24, 28 In the structural model generated from these micrographs, the PCIproteins are arranged in a horseshoe shape whereby the C-terminal WH domains align laterally, and the N-terminal domains extend out from the interaction interface like fingers on an open hand. 24, 28 Previous mutational analysis of the interaction of two of the proteasome lid PCI-proteins, Rpn6 and Rpn7, based on the Rpn6 structure and sequence conservation, is also consistent with this model. These studies showed that the recognition helix of the Rpn6 WH domain is critical for modulating the interaction with Rpn7 (ref. 6) , consistent with the electron microscopy reconstruction, which placed the Rpn6 recognition helix within the cleft formed by the WH and HD of Rpn7 (ref. 24 ). As such, it is highly likely that the Rpn6 and Rpn7 interaction resembles the Sac3-Thp1 interface, whereby the recognition helix of Rpn6 would insert into the cleft formed by the WH and HD of Rpn7. Mutations that target the HD of CSN7 that negatively affect its interaction with CSN8 are also compatible with this general interaction paradigm being applied to the larger PCI-complexes. Together these data are consistent with there being a conserved PCI interaction mechanism mediated by crucial protein-protein interactions between the WH recognition helix and a cleft formed between the WH and HD domains. Future mutational studies and high-resolution crystal structures of these larger PCI-complexes should confirm whether the Sac3-Thp1 interaction interface holds across the multiple PCI interactions within larger PCI-complexes.
Function of Sem1 in PCI Proteins
The Sac3-Thp1-Sem1 structure, together with the recent progress on the structure of the 26S proteasome lid complex, raises the question of the functional role of Sem1 in PCI-complexes. Sem1 is present independently in a host of different complexes. In addition to associating with the PCI-complexes of Thp1-Sac3, CSN12-Thp3 and Rpn3-Rpn7, Sem1 also interacts with the structurally unrelated Integrator and BRCA-2 complexes.
2 Sem1 is a small highly negatively charged protein that has been suggested to act as a multitasking organizer of PCI-protein complexes. 2 However there is currently very little understanding of its functional mechanism. Within the Sac3-Thp1-Sem1 structure, Sem1 appeared to function primarily to stabilize Thp1, and a broad stabilizing role is consistent with previous studies that suggest Sem1 stabilizes both the 26S proteasome lid and the BRCA2-RAD51 complexes.
2,29 Pick et al. have suggested that Sem1 could act to stabilize small PCI complexes by acting as a shield to block the interaction surface that would normally be utilized to bind the PCI-proteins, such as Rpn3-Rpn-7, to the larger hexameric PCI-complex of the 26S proteasome lid.
2 The Sac3-Thp1-Sem1 structure is compatible with such a mechanism, as the Sem1 C-terminus forms a highly conserved C-terminal helix that binds to the cleft formed by the WH and HD of Thp1. As discussed above, this site is critical on the corresponding Sac3 PCI-structure for binding of the Thp1 WH recognition helix, and thus PCI-complex formation. As such, these data reinforce previous suggestions which support a mechanism whereby Sem1 could modulate the structure of the larger PCI-domain complexes by binding to and shielding one-side of the PCI-interaction interface, effectively acting as a "capping" protein. The logistics of this possible function would need to be experimentally investigated, however it is conceivable that Sem1 could stabilize small-PCI complexes prior to assembly, inhibit complete PCI-complex formation, and even rapidly modulate the subunit composition of a pre-formed complex (Fig. 1C) .
Questions Outstanding
Although there is now considerable structural information available on PCI folds in a number of different proteins, atomic resolution information on the precise manner in which they interact in larger complexes is only available for the Sac3-Thp1-Sem1 complex, 7 albeit the fitting of the Rpn6 crystal structure into 9 Å resolution EM reconstructions of the 26S proteasome indicates that it may interact with components such as Rpn7 in a similar manner. 6, 24, 28 Clearly an important challenge is to obtain crystal structures of additional PCI-domain complexes to explore the precise atomic-resolution details of the interfaces between them. Several PCI-proteins appear to bind nucleic acids and, in the case of the Sac3-Thp1-Sem1 complex, some of the residues involved in this interaction have been identified using structurebased engineered mutations. However, details of the molecular recognition underlying interactions between PCI-proteins and nucleic acids need to be established to enable exploration of their functional significance.
